ABSTRACT
INTRODUCTION
Design of composite shells made by filament winding has been conducted since the beginning of the 1960s. As mentioned in /1 /, all-composite pressure vessels bring weight savings of up to 75 % compared to metal vessels. In /2-4/ equilibrium shapes of pressure vessel dome are constructed. Some aspects related to planar winding are discussed in 151. In Russia this problem has been the subject of intense development, as reflected in 16,11.
In design and analysis of filament wound pressure vessels the exact shell thickness is critical. Without knowing the dome thickness, the displacements and stresses cannot be calculated. However, the dome thickness varies as a function of dome radius and winding pattern. The filament winding process for a vessel with openings requires each band to cross over each dome in a continuous manner and to be tangent to the opening at its minimum radius. So prediction of the dome thickness near the dome opening is not simple. Stang /8/ developed a graphical technique for computing the number of plies at any given location. Knoell /9/, using the Stang approach, developed a set of analytical equations to predict the dome thickness. In /10/ Gramoll and Namiki presented various methods to predict the dome thickness, particularly in the regions near the dome openings where the filament build-up becomes large.
In /1-7/ a simple thickness relation is used, which follows from the condition of filament continuity /-cos φ where R, h κ , φ Λ -initial radius, thickness and winding angle of a composite shell; the R subscript represents the cylinder section or shell equator; r, φ -arbitrary shell radius and winding angle at the vessel dome. Eq.
(1) is developed by using the fact that bands are assumed to be infinitely thin. The fiber is l^id over the mandrel along geodesic pathway according to Clairaut condition r sin (p(r) = AQ ,
where /' 0 -radius of the dome opening. The approximate winding pattern is shown in Fig. 1 .
Fig. 1:
Winding pattern, top view of dome 
and looks like a hyperbola (Fig. 2) . In /10/ based on relations (3) equilibrium dome contours are constructed which specify optimum contours obtained in /1-7/. 
DOME THICKNESS AT THE RADIUS OF THE POLAR BOSS
As follows from Eqs. (1) and (2), thickness is infinite at the polar radius. On the other hand it equals zero at r = r 0 in accordance with Eq. (3). Neither result corresponds to actual thickness and below another thickness relation is derived for a polar radius.
Thickness of helical layer ± φ Λ at cylinder section is expressed as h R = 2δ« Λ , where n R is the number of single plies ± φ Λ , δ is the thickness of a single roving which is constant. As follows from the winding pattern, two points on the cylinder correspond to one tangency point on the dome opening (Fig. 3) . 
As can be seen in Fig. 4 the smaller the polar radius r 0 , the larger the polar thickness of the composite shell h 0 . In further calculations Eq. (5) will be used for definition of thickness at polar radius. 
7=0
where unknown factors <7, (/ = 0,1, 2, 3) are determined by the following'conditions:
13 where is the docking radius of Eqs. (6) , / = 0,1,2,3.
Given thickness at radii
Furthermore, substituting Eqs. (6), (5), (3) into Eq.
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The docking of thickness derivatives (9) together with (6) gives 
where on the right side the second thickness relation of (11) For better visualization the thickness is doubled.
SPHERICAL MULTILAYER PRESSURE VESSEL
Let us consider the thickness approximation of a spherical dome, formed by five band families winding.
The generator equation and its derivatives are The total volume of all bands that are within two roving widths of the dome opening (7) together with Eqs. (17)- (20), (22) and (23) gives 
The cross section of a spherical shell with predicted thickness Eqs. (17)- (21) is shown in Fig. 8 . The docking radius r l2 / for Eqs. (6) and (19) corresponds to a meridian point outside two band widths from the polar boss, i.e. 
The factors A ti can be calculated analytically The flattened curve 2 corresponds to approximated thickness (6).
As can be seen in Fig. 9 , the approximated curve better reflects the actual thickness distribution of the spherical pressure vessel. A cross -section of the spherical shell with approximated thickness (6) is shown in Fig. 10 . (6) thickness of isotensoid pressure vessel domes and spherical composite shell and has a good agreement.
